The polychaete worm Serpula vermicularis (Seipulidae) filter feeds at the mouth of its calcareous tube, but retreats into the tube when startled by mechanical stimuli likely to be associated with predators. While in its tube, a worm is safe but cannot feed. Thus, hiding has a lost-opportunity cost We show that this cost can be substantial, given that food in the natural habitat appears in pulses, and good feeding conditions may not last long or recur frequently. We expect that a worm's hiding time will be sensitive to the lost-opportunity cost, and we present data from a series of experiments that support this prediction. The worms seem able to track relatively short-term changes in food availability, and some evidence suggests that they assess food availability on a relative basis, comparing current feeding conditions to those recently experienced. Hiding and other types of cryptic behavior are common antipredator tactics, and animals may commonly adjust the durations of such behaviors to current benefits and costs (including lost opportunity), as they perceive them. Kty words: antipredator behavior, food availability, hiding time, lost-opportunity cost, polychaete, Serpula vermicularis, Serpulidae. One obvious problem faced by a hiding animal is when to re-emerge. This problem is particularly acute because, while hiding, the individual will have only limited information about the outside environment, especially about whether the predator is still present. Re-emergence thus carries a risk that is expected to decline the longer the animal has been in hiding (Sih, 1992) because predators ought to find it more profitable to look for undisturbed prey elsewhere. However, the fitness benefit of continued hiding must be weighed against its costs, particularly the lost opportunity to do other things, like feeding and mating, that contribute positively to fitness. Thus, in general, a particular hiding time (or hiding time distribution; see Discussion) should be optimal and maTimirf the expected fitness consequences of the behavior.
time of testing. Because test times were predetermined and worms occasionally spontaneously withdraw into their tubes, not all worms were tested at all ten times; thus, sample sizes vary from day-to-day within an experiment. Some exposed worms did not respond and have been excluded from the data reported here, but the incidence of nonresponse is sufficiently low (overall, 3.5% of exposed worms; 76/2141) that no qualitative conclusions would change if they were included. Individual worms were observed until their fans were fully reopened, and this time was taken as that worm's "hiding time." Some worms were still in hiding after 20 min, when observation on a given tank was terminated; these were assigned a hiding time value of 1200 s and included in the analyses. Overall, only 1.6% of the responding worms (33/2065) hid longer than 20 min, so this truncation has only a minor effect on the hiding-time distributions.
Although we tested worms in these experiments in groups, we treated the hiding times of each worm as independent observations because other experiments (not reported here) have shown that the behavior of an individual is independent of that of its neighbors. In addition, worms were often retested on successive days under the same treatment conditions; in such cases, average hiding time for individual worms (across days) is the statistic calculated and analyzed. Treatment effects are usually small, but quite consistent Multiple inference was therefore used to support the conclusions: analyses at several levels (individuals, tanks, tank groups) are presented. Parametric test results are presented because deviations from normality were generally small, but no conclusions change if nonparametric tests are used. Experiment 1 tested whether worm hiding time varies inversely with food availability. Serpulids were collected on 3 June 1988. Twenty-six rocks were returned to the laboratory, where they were divided into eight test groups consisting of three to four rocks each. We removed excess tubes from the rocks, so that 10-11 worms remained in each group. The rocks were also scrubbed clean of all other material. The rocks making up each test group were set in paraffin wax in 15 X 25 cm styrofoam trays to hold them in the same relative positions throughout the experiment We prepared maps of each tray and numbered individual worms for identification.
The eight trays were randomly divided into two treatment groups (n = 4 each), and each tray was placed into an individual plexiglass tank (40 X 20 X 15 cm deep). After placement of die rocks, we added 7 1 of seawater to each tank and drew plimsoll lines on each; these ensured constant food concentrations across tanks (rock displacements varied). Light was provided by ambient room lighting and by 40-Watt fluorescent fixtures mounted 20 cm above each tank, operated on a 12:12 h lightdark cycle. Room and water temperature was 11°C-13°C throughout the experiment To reduce background food availability, all seawater added to the tanks was passed through a Vinomat wine filter (Wine Art Inc., Markham, Ontario, Canada), and rocks and trays were scrubbed clean of algal buildup once a week.
The food provided to the worms consisted of a suspension of powdered SprruUna algae (Purity life Health Products, Acton, Ontario, Canada). Each experimental day, we added 10 ml of the stock solution (1 g algal powder to 200 ml filtered seawater) to the four tanks of the high-food group and 1 ml to those' of the low-food group (the feeding histories of the two groups of worms are shown diagrammatically in Figure  1 ). Group A worms began on a low-diet plane for 5 days; then, after 2 days without food, they were switched to a high-diet plane (preliminary observations had shown that the guts were virtually empty after 48 h starvation). Group B worms experienced the reverse feeding history. Food solution was added to the tanks daily during seawater changes, staggered by 10 min per tank. Water was changed (and food added) in the same order each morning, and the tanks were tested in the same sequence and at the same intervals, 4 h after feeding (between 1400 and 1510 h). We produced a consistent, repeatable fright stimulus using a solenoid relay from an automobile starter, mounted on a plexiglass hanger dipped onto the side of each tank. The solenoids could be triggered at will by means of a 12-V battery, producing a single, strong vibration in the tank and fanning most worms to withdraw into their tubes. Sponges under the tanks prevented transfer of vibmtions to adjacent tanks. The experiment included 82 worms that were tested a maTiTnmn of 10 times each. In 26 cases the worms were not out of their tube at feeding time (3.2%), and in 41 additional cases the worms did not respond (5.2% of 794). Only 5 of the responders (0.7% of 753) hid for more than 20 min.
We calculated mean hiding times for individual worms, tanks, and treatment groups (Figure 1 ) in each phase of the experiment (i.c 11-15 July and 18-22 July). Worms were included in the data only if they reacted at least three times during each 5-day experimental phase. We compared the treatment means of groups and tanks between diet levels with paired t tests (one-tailed). Sign tests on the number of worms whose mean hiding times increased or decreased following the change in food availability were also carried out This experiment, actually run earlier than experiment 1, tested whether serpulids are capable of tracking short-term changes in food availability and adjusting their hiding behavior accordingly. Food availability was changed daily, and worms were given only 1 h to experience that day's food level before testing. Ten rock* with wormi were collected on 28 January 1987 and were returned to the laboratory, where they were cleaned of all epifauna/fJora and placed in four tanks (the rocks were not set in paraffin). Tanks 1 and 3 each contained one large rock, which occupied approximately 50% of die tank volume; tanks 2 and 4 each contained four smaller rocks, each of which occupied 10-20% of the tank volume. Twenty worms were present in each tank; 18 of these were selected for data collection, based on uniformity of size and responsiveness to stimulation in preliminary trials. The positions of the worms in the tanks were mapped.
The experimental protocol was similar to that of experiment 1, except as follows. The tanks measured 36 X 25 X 15 cm and were exposed to a natural photoperiod, which varied over the course of the experiment. Temperature varied from 12°C-14°C All seawater used in the experiment was passed through Whatman no. 1 miHipore filters to remove particles larger than about 10 \un. We staggered both the water changes (and concurrent food additions) and tests by 20 min per tank, thereby keeping feeding duration constant at 4 h. AD trials were run between 1130 and 1330 h.
For food we used Fleischman's Active Dry yeast, mixed with seawater; the standard suspension, from which aliquots were drawn, was made up of 1 g yeast mixed thoroughly in 200 ml of seawater. The stimuli in this experiment were provided by golf balls tethered by monofUament lines to pivot points above and in front of each tank. We released the balls from a fixed distance and angle, so that they contacted the front glass of the tank with consistent force, sufficient to cause the retraction of the majority of the worms.
On 5 March 1987, each tank was given 1 ml of yeast suspension at the daily water change (because this was preceded by a 9-day starvation period, all worms should have had equal hunger levels at the start of the experiment). On the morning of 6 March, 1 h before testing, we added SO ml of standard yeast suspension to the two tanks in one treatment group (tanks 2 and 4) and SO ml of filtered seawater to the other two tasks (tanks 1 and 3). Tanks were alternated between treatment (yeast) and control (seawater only) for 8 days, by which time each group had experienced each food addition four times (Figure 2 ). Water changes were carried out early each afternoon, after that day's testing.
Possible responses totaled 576 (4 tanks X 18 worms X 8 days), but in 57 cases (9.9%) the worms were not out at test time, and in 25 of the remaining cases (4.8% of 519) the worms did not respond to the golf-ball stimulus; 25 of the responders (5.1% of 494) had hiding times greater than 20 mm. For analysis, each worm served as its own control: mean response times (for the yeast or seawater days) were calculated for each individual (but only if that worm responded on at least 3 of the 4 days in a test block) and compared with paired t tests (one-tailed). The same was done for tank means. We also carried out sign tests on the number of worms changing their hiding times in the predicted direction, on a per tank, per tank group, and an overall basis. Each of the seven feeding level switches provided a data point for each responding worm in each tank.
Experiment 3 provided insight into how serpulids might assess food availability, whether in an absolute or relative fashion. Worms were exposed to the same food availability, after having experienced better or poorer feeding conditions, and their hiding times measured. If hiding times were longer when the worms had previously experienced better conditions, this would suggest that they assess food availability in a relative fashion.
The methods generally were similar to those used in experiment 1. The serpulids were collected on 27 August 1992. Rocks were distributed among 8 aquaria, so that each group initially consisted of 11 worms on 7 rocks (excess worms and other material were scraped off the rocks). The rocks were not embedded in wax. Water temperatures varied from 11° to 14°C, and the illumination regime was 13:11 h lightdark.
We added aliquots of the standard Spiruiina suspension at each daily water change. Feeding and testing were carried out in the same sequence (tanks 1 through 8) each day, with intervals of 20 min between tanks. We measured hiding times, following tripping of the solenoid, between 1130 and 1350 h, after 4 h of uninterrupted feeding. A plug in the bottom of each test tank allowed it to be quickly drained after the last worm had re-emerged (or 25 min had elapsed), preventing continued feeding by the worms. All tanks were dry for 2.25 h before being refilled with seawater.
For the 5 days before tests, the worms were fed 10 ml of algal suspension daily (Figure 3) . A 2-day period without food (but with daily water changes) then ensued (5-6 September). During the first 5-day test period (7-11 September), four tanks received 25 ml of algal suspension daily; the other 4 tanks received 5 mL This was followed by another 2-day period without feeding (but with water changes), intended to dear the worms' guts and equalize hunger levels. In the second phase of the experiment (14-18 September), the initial two experimental groups were each subdivided: two of the tanks on each diet level were switched to an intermediate level of 15 ml per day, the other four tanks (controls) remained at the diet levels they experienced in the first phase of the experiment. We expected no changes in the hiding times of these test groups of worms, but predicted that the hiding times of the worms fed 15 ml/day would depend on their past experience, if they measure food availability in a relative manner.
Three worms died during the experiment, so 20 remained in the 25-ml control group, 22 in the 5-ml control group, 22 in the 25-/to 15-ml experimental group, and 21 in the 5 to 15-ml experimental group. Of the 850 possible data points, 818 were obtained (in 22 cases the worms were not exposed at test time, and 10 did not respond); 3 hiding times (0.4%) were > 20 min. We calculated mean response times for individual worms in the two 5-day phases of the experiment, provided they reacted on at least 3 of 5 days in each phase. Over-
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Mean hiding times of the two experimental groups of terpulkU in experiment S. Worms in both groups received 15 ml of die standard algal suspension in the final treatment block but experienced different food availabilities in the first treatment block (5 or 25 ml).
all group means were compared between phases with paired (tests (one-tailed). We used an unpaired t test to compare the mean hiding times of the two groups that ended with 15 ml of food in the second phase of the experiment.
Food avmflabffify in the field
The response of the worms to changes in food availability can only be properly understood if something is known of the temporal patterning and predictability of food in the animal'* natural habitat Consequently, we constructed an "artificial lerpulid" to measure food availability at the worms' feeding position on rocks in the interddal This device consisted of a 9-m tygon tube (0.5 cm ID) connected to a battery-operated windshield washer pump on the beach, with its other end attached to a brick in the water. The tubing passed through a hole in the brick and extended 4 cm above it A wooden dowel marked off at 15-cm intervals was also attached to the brick, allowing accurate estimation of water height above the tube mouth, even from a distance of 3-6 m, which was necessary later in the tidal cycle. We placed the brick/tube assembly just below the water line, in the area where all experimental serpulids had been collected, at low tide the day before sampling. It was placed among a loose natural assemblage of rocks so as to be protected from direct wave action.
We collected 1-1 water samples on 18 July 1989 from 3 h before low tide (1250 h) to 3 h after, at 0.5-h intervals for the first and last 1.5-h periods and at 10-min intervals for the 3-h period centered on low tide. Each sample took about 2 min to collect Since the intake line held about 170 ml of water,. the pump was allowed to run for about 20 s before fiDing the sample jar, to avoid water from the previous sample period. Water was run through a 55-tun mesh plankton net to remove larger particles. Further filtering of the samples was carried out in (he field using a hand vacuum pump to pass them through a Whatman GF/C glass fiber filter, which retains particles down to 2 (jun diam (tube-dwelling polychaetes are capable of removing particles down to 1-2 urn diameter, with filtration efficiencies for particles of 3-8 |un; Dales, 1957; Jorgensen et aL, 1984; Men, 1984) . The filter papers (sometimes more than one per sample) were returned to the laboratory in sealed plastic petri dishes for further analysis. Two samples (taken 30 and 10 min before the low tide at 1255 h) were lost. We dried filter papers for 12 h at 37°C then weighed them to obtain total sediment deposition. Organic material was then burned off in a 475°C muffle furnace for 10 h, and the samples were reweighed. The difference in weight represents the amount of organic material (2-55 urn diameter) in the sample.
Additional samples were obtained in the same manner on 20 July 1989, at 10-min intervals from 50 min before to 20 min after low tide (which occurred at 1415, 80 min later than on 18 Jury), and on 20 June 1990 at 5-min intervals for 1 h on either side of low tide (1100 h). The 1990 samples varied in volume from 302 ml to 870 ml, depending on how much could be vacuum filtered before the next sample was due. All results are expressed on a per liter basis.
RESULTS
According to our hypothesis, the worms in both groups should have exhibited shorter hiding times during the 5-day periods when food was more abundant. When the serpulids were switched from 1 ml of food per day to 10 ml (group A), average hiding time decreased from 131.9 (±23.6 SE, n •» 39) to 70.1 s (±12.5, n = 39). This change was highly significant (paired t« 2.47, df -38, p = .009). The reverse was true for group B, which was switched from 10 ml to 1 ml per day: average hiding time increased from 61.0 (±7.4, n « 35) to 116.5 s (±18.2, n = 35), and this change was also highly significant (paired t =» 3.15, df -34, p = .002). The same patterns were shown in all eight tanks, and five of the changes were significant at that level of analysis. The hiding times of the two groups, when tested at the same food level, were quite similar to one another (Figure 1 ; t tests, both p values > 0.5).
Considering individual worms, 29 of the group A serpulids decreased their average hiding time after the diet switch, while only 10 increased hiding time. Conversely, 23 of the group B worms increased their average hiding time and 12 decreased it Both results are in the predicted direction and significant (sign tests, p < .002, group A and p < .05, group B).
The mean hiding times of the two treatment groups over the course of this experiment are shown in Figure 2 ; it is apparent that the worms are capable of responding to short-term changes in food availability after only a short period of exposure. Overall, when tested 1 h after the addition of a yeast suspension, serpulids (n = 60) had significantly shorter hiding times than they did 1 h after the addition of seawater alone (212.8 s ± 24.7 SE versus 365.2 s ± 35.9; paired t «• 4.28, df = 59, p < .001). Control mean hiding times were higher than experimental means in all four tanks, significantly so in two of them (paired t tests, p < .01). These results are exactly opposite those expected if hungrier animals hid for shorter times.
When food availability decreased from one day to the next, the worms were predicted to increase their hiding times, and when food availability increased, to hide for a shorter period. Every worm that responded on 2 consecutive days provides a test of this hypothesis, potentially on seven separate occasions (Figure 2 ). Individuals were statistically more likely to change Table   Experiment 3 As expected from the results of the previous experiments, the worms for which food availability increased (from 5 to 15 ml/day) in the middle of the experiment decreased their mean hiding times (Figure 3, Table 2 ), while those for which diet levels decreased (from 25 to 15 ml) increased their hiding times. Control groups, whose food availability remained constant (at either 5 or 25 ml), did not significantly change their hiding time* between the two phases of the experiment During the first phase of the experiment, the mean hiding times of the two treatment groups were significantly different from one another (t =» 3.30, df -41, p < .001). In the second phase, following the food availability manipulation, their mean hiding times were not significantly different (t •= 0.77, df =• 41, p = .223). However, the group that started at 25 ml had a 20% longer mean hiding time than the group that started at 5 ml. This suggests (albeit weakly) that serpulids may have some sort of "memory" of previous feeding conditions and measure current food availability relative to their recent past experience, as the hiding times of the two groups of worms reversed their relative positions when the worms experienced a common ration.
Food availability in the field
The amount of organic material available to the worms in any 2-min period varies with tide height (Figure 4A ), perhaps because wave action puts more sediment into suspension when the water is shallower. However, the variability in these data between adjacent sampling periods, even 10 min apart, is striking ( Figure 4B ). Although this variability is less evident in the samples taken 2 days later, on July 20 (Figure 4C ), these data indicate how much food availability can change from day to day, depending on wind conditions and perhaps on local plankton blooms. Finally, the June 1990 data ( Figure 4D ) indicate that variability can be considerable even when samples are taken at 5-min intervals.
DISCUSSION
Our results show clearly that Strpula can adjust its hiding time in response to changes in local food availability, re-emerging sooner when food is abundant and there is a higher lost-opportunity cost of remaining in the tube than when food is scarce. It is also apparent that serpulids are capable of tracking changing food availability, and that even a brief (1 h) exposure to a new food level is sufficient for the worms to make appropriate adjustments to their hiding times. It is not known just how short this assessment period can be, but it must be fairly short if it is to be responsive to the sort of shortterm fluctuations in food availability observed in the field.
Further experiments are needed on this point
We interpret the response of the worms as an adaptive one, resulting from a trade-off between the benefit of emerging from the tube and the potential cost of doing so (Le., of being attacked by a waiting predator). This cost presumably falls as hiding time is extended, and at some point it will pay the worm to re-emerge and resume feeding. Our data suggest that food availability has an important influence on this behavioral decision. In a companion paper (Dill LM, Fraser AHG, in preparation) we show that both hiding and fan cropping have costs and that both are measurable in terms of worm somatic growth and gamete production.
There is an alternative hypothesis to explain our findings: perhaps reduced oxygen levels caused by the presence of yeast or powdered algae in the water require the worms to reemerge in order to respire. Higher food levels would lead to greater reductions in oxygen and cause the worms to emerge earlier than when food concentrations are lower. However, this hypothesis is not supported by direct measurement; we were unable to find any effect of food concentration on oxygen levels in the experimental aquaria (Dill LM, Fraser AHG, unpublished data). It is therefore likely that the observed behavioral response is an adaptive response to changes in the lost-opportunity cost of hiding. Similar findings have been reported elsewhere. For example, Gilliam and Fraser (1987) reported that creek chub (S#-motihis atromaculatus) spent less of their time in a refuge as food level increased in the environment, and Macchhisi and Baker (1992) found the same effect in midge larvae (Chitxmowtus Untaru). Similarly, the hiding time of the hermit crab Pagurus btrnhardus depends on the difference in quality between the shell they possess and the one they are inspecting at the time they are frightened: as this difference increases, "Die field data show why it is important for the worms to adjust their hiding behavior in the way they do: food availability varies to much, and on such a short time scale, that a worm that remains in its tube for only a few minutes may experience a vastly reduced level of food availability upon reemergence compared to when it withdrew. The lost food intake could be critical to fitness, particularly since most of the daily food availability may be concentrated in a short period around low tide. If food were more or less constantly available, it would not pay the worm to adjust its hiding time in response to temporal variability; the same amount of food would be there regardless of when the worm re-emerged, so hiding time should be sensitive only to the risk of predation and to the long-term average food availability. Abrams (1991) has shown in another context that increased risk taking is more likely when an increase in food availability is of short duration.
The results of experiment S suggest that measurement of food availability is relative to the serpulid's preceding experience in the habitat, implying tome "memory" of past feeding conditions. This "memory" may be nothing more than gut fullness or physiological hunger (e.g., the level of circulating metabolites) or it may be a neural trace of some sort The latter seems more likely, given the 2-day starvation period between the first and second phases of the experiment, but this ii by no means conclusive.
It is also important to realize that the response to changing food availability is not what one would expect if hunger were used to monitor the current food level. Average hunger ' should be highest when food availability is lowest (Dill, 1983 Snyder (1967) showed that Jftfcoma snails were progressively less likely to hide (bury) in response to a fright pheromone as they were starved. Giles' (1983) data on the recovery times of three-spined sticklebacks (GasttrosUtu aculeatus) following a predatory threat are also consistent with this view; parasitized individuals (greater energy deficit) return to feeding more quickly, and recovery time is negatively correlated with parasitic load. The fact that hiding or recovery times may vary inversely with both hunger level and food availability may at first seem paradoxical, since these might be expected to be negatively correlated with one another. However, hunger is a long-term integrator of food availability and, as argued above, long-term and short-term food availabilities may be completely uncorrelated in this system. The experiments reported here were complicated by the extremely high variability in worm hiding times, a phenomenon previously mentioned in the potychaete literature (e.g., Clark. I960; Hargitt, 1909 Hargitt, , 1912 Nicol, 1950) . Some worms failed to respond at all while others remained in their tubes more than 20 min, and the likelihood of an individual doing this did not appear to be related to its size or position in the tank (Dill LM, Fraser AHG, unpublished data). Elsewhere (Hugie DM, Dill LM, in preparation), we hypothesize that this hiding time variability may be adaptive, preventing predators from waiting at the mouth of the tube for the worm to reemerge; that is, it may represent a mixed evolutionarily stable strategy to a hiding-waiting game between worms and their predators (cf. Johansson and Englund, 1995) .
Hiding is a common antipredator tactic, employed by a wide variety of species. Among annelids it has been well studied in both poh/chaetes (Clark, I960; Evans and Downie, 1986; Hargitt, 1909 Hargitt, ,1912 Hess, 1914; Nicol, 1950) Wolf and Kramer, 1987) are functionally similar to hiding; for some period of time the prey is relatively invulnerable to the predator, but it must decide when to cease this avoidance behavior. Thus, the findings of the present study may have broad applicability because in many of the aforementioned cases the animal's decision may be sensitive to the opportunity cost of its antipredator behavior. To cite eae example," the percentage of time that air-breathing dwarf gouramis (CoHsa laUa) spend in cover in the presence of predators decreases as ambient dissolved oxygen levels decline (Wolf and Kramer, 1987) .
The ecological significance of hiding and related antipredator behaviors may be substantial, viewed from both the prey and predator perspectives (cf. Gilliam et al., 1989; Sih et aL, 1988) . From the prey's point of view, hiding reduces food intake, growth, and reproductive output (Dill LM, Fraser AHG, in preparation) and therefore may have major repercussions at die population and community levels. From the predator's point of view, prey hiding causes behavioral resource depression (Charnov et aL, 1976 ) because bidden prey are unavailable to a forager. The time prey spend hiding in response to an attack may thus be an exceedingly important determinant of a number of ecological processes and patterns. Hiding time is an easily studied example of the importance of lower level, fine-scale behavioral decisions to phenomena at higher levels of ecological organization.
